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ABSTRACT
The stellar masses, mean ages, metallicities, and star formation histories of galaxies are now commonly
estimated via stellar population synthesis (SPS) techniques. SPS relies on stellar evolution calculations from
the main sequence to stellar death, stellar spectral libraries, phenomenological dust models, and stellar initial
mass functions (IMFs) to translate the evolution of a multi-metallicity, multi-age set of stars into a prediction
for the time-evolution of the integrated light from that set of stars. Each of these necessary inputs carries
significant uncertainties that have until now received little systematic attention. The present work is the first in
a series that explores the impact of uncertainties in key phases of stellar evolution and the IMF on the derived
physical properties of galaxies and the expected luminosity evolution for a passively evolving set of stars. A
Monte-Carlo Markov-Chain approach is taken to fit near-UV through near-IR photometry of a representative
sample of low- and high-redshift galaxies with this new SPS model. Significant results include the following:
1) including uncertainties in stellar evolution, stellar masses at z ∼ 0 carry errors of ∼ 0.3 dex at 95% CL
with little dependence on luminosity or color, while at z∼ 2, the masses of bright red galaxies are uncertain at
the ∼ 0.6 dex level; 2) either current stellar evolution models, current observational stellar libraries, or both,
do not adequately characterize the metallicity-dependence of the thermally-pulsating asymptotic giant branch
phase; 3) conservative estimates on the uncertainty of the slope of the IMF in the solar neighborhood imply that
luminosity evolution per unit redshift is uncertain at the ∼ 0.4 mag level in the K−band, which is a substantial
source of uncertainty for interpreting the evolution of galaxy populations across time. Any possible evolution
in the IMF, as suggested by several independent lines of evidence, will only exacerbate this problem. 4)
Assuming a distribution of stellar metallicities within a galaxy, rather than a fixed value as is usually assumed,
can yield important differences when considering bands blueward of V , but is not a concern for redder bands.
Spectroscopic information may alleviate some of these concerns, though uncertainties in the stellar spectral
libraries and the importance of non-solar abundance ratios have not yet been systematically investigated in the
SPS context.
Subject headings: stars: evolution — galaxies: evolution — galaxies: stellar content
1. INTRODUCTION
The spatially-integrated UV, optical, and near-IR light
of a galaxy contains a wealth of information regarding its
physical properties. The spectrum of this light is gov-
erned principly by the star formation and metal enrichment
histories of a galaxy in conjunction with stellar evolution
and attenuation by interstellar dust. Combining these in-
gredients in order to predict the spectrum of a galaxy is
known as stellar population synthesis (SPS), and has an ex-
tensive history (e.g. Tinsley & Gunn 1976; Tinsley 1980;
Bruzual 1983; Renzini & Buzzoni 1986; Bruzual & Charlot
1993; Worthey 1994; Maraston 1998; Leitherer & Heckman
1995; Fioc & Rocca-Volmerange 1997; Vazdekis 1999; Yi
2003; Bruzual & Charlot 2003; Jimenez et al. 2004; Maraston
2005; Cid Fernandes et al. 2005; Ocvirk et al. 2006).
Sophisticated SPS models have allowed for an enormous
body of work aimed at constraining physical parameters of
galaxies by comparing the observed spectroscopic and/or
photometric properties of z ∼ 0 galaxies to SPS models.
Physical parameters that are constrained by SPS include,
but are not limited to, stellar masses (e.g. Bell et al. 2003;
Kauffmann et al. 2003a; Panter et al. 2007), star formation
histories and rates (e.g. Kauffmann et al. 2003b; Panter et al.
2007), and metallicities (e.g. Gallazzi et al. 2005). SPS is now
routinely used not only at z∼ 0 but also at higher redshifts in
order to interpret the observed broad-band colors and spec-
tra of galaxies (e.g. Shapley et al. 2005; Daddi et al. 2007;
Kriek et al. 2006; Bundy et al. 2006).
Key aspects of stellar evolution theory — an essential in-
gredient of any SPS model — have been extensively tested
against observations including globular clusters and star
counts in the solar neighborhood, stellar halo, and the Large
and Small Magellenic Clouds (LMC and SMC, respectively),
suggesting that in many respects they are sufficiently reliable
to be applied in SPS modeling of observed galaxies. However,
there are significant phases in stellar evolution that are still not
well understood, both observationally and theoretically. Such
phases include blue stragglers (BSs), the horizontal branch
(HB), the asymptotic giant branch (AGB), and thermally pul-
sating AGBs (TP-AGBs). Relatedly, the different evolution-
ary path(s) taken by binary systems, which appear to consti-
tute the majority of all stellar systems, is not well-understood.
These phases are particularly important for SPS models be-
cause stars in such phases are more luminous than the main
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sequence (in some cases by several orders of magnitude), and
in the case of AGBs they can dominate the red/IR light in
some age ranges of a coeval set of stars, while in the case of
the HB and BS they can contribute importantly to the blue
and UV light. These uncertainties will thus impact our abil-
ity to derive physical properties of galaxies (e.g. Charlot et al.
1996; Charlot 1996; Yi et al. 2003; Lee et al. 2007).
The potential importance of uncertain phases of stellar evo-
lution was highlighted recently by the different treatments
of TP-AGBs in the SPS models of Maraston (2005) and
Bruzual & Charlot (2003). These models, when applied to
high-redshift galaxies where light is dominated by ∼ 0.2 − 2
Gyr old populations, result in systematic factors of ∼ 2 differ-
ences in mass and age (Maraston et al. 2006; Bruzual 2007;
Kannappan & Gawiser 2007). This example demonstrates the
need for understanding in detail how the uncertainties in stel-
lar evolution propagate into estimates of physical properties
of galaxies.
In addition to uncertainties in stellar evolution, there are
also substantial uncertainties in our knowledge of the stellar
initial mass function (IMF Kroupa 2001). The IMF effects
not only the normalization of the mass-to-light ratio but also,
to a lesser degree, the colors of a coeval set of stars (Tinsley
1980). The IMF thus plays an important role in deriving phys-
ical properties of galaxies (e.g. Papovich et al. 2001; Lee et al.
2004). The IMF also controls the rate of luminosity evolution
for a passively evolving system, and is thus of fundamental
importance for interpreting the evolution of galaxy popula-
tions across time (e.g. Tinsley 1980; Yi et al. 2003).
In this paper we present a new SPS code that was devel-
oped in order to address the impact of uncertainties in stel-
lar structure and evolution on the derived physical properties
of galaxies. This new SPS model is then applied to a va-
riety of galaxies drawn from the Sloan Digital Sky Survey
(SDSS York et al. 2000) and the Two Micron All Sky Survey
(2MASS Jarrett et al. 2000) at z ∼ 0, and from a sample of
luminous red galaxies at z ∼ 2, in order to investigate the ef-
fects of uncertain phases of stellar evolution on derived phys-
ical properties such as stellar mass and star formation history.
In addition to the uncertain aspects of stellar evolution, we
also explore the effects of the IMF and the potential biases
that arise when assuming a single metallicity for all stars in a
galaxy rather than the more physical assumption of a distribu-
tion of stellar metallicities.
Where necessary, we adopt a flat ΛCDM cosmology with
(Ωm,ΩΛ,h) = (0.26,0.74,0.72). Throughout, mass-to-light ra-
tios are quoted in units of M⊙/L⊙.
2. METHODS: FROM PHYSICAL PROPERTIES TO INTEGRATED
LIGHT
2.1. Overview
This section describes the steps involved in SPS model-
ing. Briefly, the approach utilizes stellar evolution calcula-
tions from the zero-age main sequence to stellar death to gen-
erate isochrones, which are the age-dependent positions in
the HR diagram of a coeval population of stars. A combina-
tion of empirical and empirically-calibrated theoretical stel-
lar libraries are then used to assign a full spectrum to each
point in the HR diagram. The resulting integrated light from
a coeval set of stars (referred to as a ‘simple stellar popula-
tion’, or SSP) is then simply a sum of all the spectra along an
isochrone, weighted by the number of stars at a given stellar
mass, i.e. the IMF. Finally, the integrated light from a galaxy
with a complex star formation history (SFH) is a convolution
of a time-dependent SSP with the SFH and a prescription for
attenuation by dust. These steps are described in detail in
the following sections. The uncertainties associated with SPS
modeling are explored in depth in §3.
2.2. Stellar evolution
The core of any SPS model is the stellar evolution tracks
that allow one to follow the evolution of stars of any mass
from the zero-age main sequence to later evolutionary stages.
The tracks must be sufficiently well sampled in both mass
and time so that isochrones can be constructed. Many groups
have produced publically available libraries of stellar evo-
lution models (e.g. Bertelli et al. 1994; Girardi et al. 2000;
Cioni et al. 2006; Schaller et al. 1992; Cassisi et al. 2000;
Yi et al. 2001; Dotter et al. 2007).
We make use of the latest set of models from the Padova
group1 (Marigo & Girardi 2007; Marigo et al. 2008). The li-
brary of isochrones includes stars with initial masses 0.15 ≤
M ≤ 100M⊙ spanning ages 106.6 < t < 1010.2 yrs, with out-
puts at equally spaced intervals of ∆(log(t/yr)) = 0.05, and
for metallicities in the range 10−4 < Z < 0.030, in equally
spaced intervals of log(Z) = 0.1. In the following we adopt
Z⊙ = 0.019. These isochrones include a detailed treatment of
the TP-AGB phase that has been calibrated against near-IR
data from the LMC and SMC. The Padova models are supple-
mented in the mass range 0.10≤M < 0.15M⊙ with the non-
evolving stellar models of Baraffe et al. (1998). Stars at this
low mass range neither evolve off the main sequence nor con-
tribute significantly to the total light emitted from a galaxy.
Nonetheless they contribute substantially to the total stellar
mass of a galaxy.
2.3. Spectral libraries
In addition to accurate stellar evolution models, the SPS
formalism also requires an extensive, well-calibrated spec-
tral library. We make use of the semi-empirical BaSeL3.1 li-
brary (Lejeune et al. 1997, 1998; Westera et al. 2002), which
is a compilation of model atmosphere calculations for a wide
range in effective temperature and surface gravity, for the full
range of metallicities in the Padova stellar evolution models.
The library spans the wavelength range 91 − 160µm at a re-
solving power of λ/∆λ ≈ 200 − 500. The library does not
include stars hotter than 50,000 K. We approximate the spec-
tra of such stars as pure blackbodies.
The original model atmosphere calculations have been re-
calibrated by coupling the libraries to theoretical isochrones
and comparing to globular cluster color-magnitude diagrams
for a range in metallicity (Westera et al. 2002). Corrections to
the original atmospheric models are significant especially for
M stars because the models do not include the important effect
of line blanketing due to molecular lines. As discussed in de-
tail in Westera et al. (2002), the BaSeL library cannot simulta-
neously match the color-magnitude globular cluster data and
the observed UBVRIJHKL color-temperature relations for in-
dividual stars. It is not known whether the color-temperature
relations or the theoretical isochrones are the source of the
discrepancy. This implies that the stellar library itself suf-
fers unknown systematic uncertainties because of the choice
to calibrate the models against the globular cluster data.
The BaSeL3.1 stellar spectral library does not include the
spectra of TP-AGBs. It is critical to include the spectra of
1 The Padova isochrones are publically available on the web:
http://stev.oapd.inaf.it/cgi-bin/cmd.
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such stars since they dominate the light output of intermedi-
ate age stellar populations (Maraston 2005). We make use of
average TP-AGB spectra compiled by Lançon & Mouhcine
(2002) from more than 100 optical/near-IR spectra presented
in Lançon & Wood (2000). The library spans the wave-
length range 0.5 − 2.5µm and is separated into oxygen-rich
and carbon-rich spectra. The O-rich and C-rich spectra are
further divided into nine and five bins in I − K color, respec-
tively. I − K color is then converted into Teff with the the-
oretical metallicity-dependent color-temperature relations in
Bessell et al. (1991).
It is important to note that the metallicity of the observed
spectra in this library are not known. Lançon & Mouhcine
(2002) assume that the stars are all approximately solar metal-
licity because approximately three quarters of the spectra are
from the field of the Milky Way. The authors advocate ex-
tending the library to non-solar metallicities with the fol-
lowing prescription: take Teff and Z from the stellar evolu-
tion models, use the color–metallicity–temperature relations
of Bessell et al. (1991) to infer the I −K color, and then use the
library spectrum that most closely matches that color. More-
over, the spectra are not binned as a function of luminosity (or
surface gravity). Rather, it is assumed that the spectra are not
sensitive to luminosity.
Both the empirically unknown luminosity and metallicity
dependence of the spectra introduce significant uncertainties
that are difficult to quantify. Rather than introduce parameters
that can be varied to encompass the possible effects of these
uncertainties, we take the following approach. The standard
prescription mentioned above is utilized to assign spectra to
TP-AGB stars. Any uncertainty in the conversion between
theoretical quantities (Lbol and Teff) and the emergent spectra
is incorporated into uncertainties in the theoretical quantities
themselves, as discussed in §3.1. We take this approach be-
cause uncertainties in the theoretical quantities are highly de-
generate with uncertainties in the relation between theoretical
quantities and emitted spectra, so it is simpler to combine all
uncertainties into the former.
Neither the spectral libraries nor the stellar evolution cal-
culations used herein account for the possibility of non-solar
abundance ratios. We return to this point in §6.4.
2.4. The initial mass function
The initial distribution of stellar masses along the main se-
quence, known as the stellar initial mass function or IMF,
has been studied extensively for decades (e.g. Salpeter 1955;
Scalo 1986; Scalo et al. 1998; Kroupa 2001; Chabrier 2003).
Of particular relevance for SPS is the logarithmic slope of the
IMF, especially near ∼ 1M⊙ for old stellar populations, and
its possible universality (both in space and time). Direct mea-
surements of the IMF in the Galaxy are extremely challeng-
ing (for extensive discussion of the difficulties see Scalo et al.
1998; Kroupa 2001, see also §3.4).
In order to explore the importance of the IMF, we adopt the
form advocated by van Dokkum (2008):
Φ≡
dn
dlnM =
{
Al(0.5ncmc)−x exp
[
−(log M−log mc)2
2σ2
]
(M ≤ ncmc)
AhM−x (M > ncmc),
(1)
with Al = 0.140, nc = 25, x = 1.3, σ = 0.69, and Ah = 0.158.
Variation of the IMF is incorporated in the characteristic mass
mc. Throughout we adopt lower and upper mass cut-offs of
0.1M⊙ and 100M⊙, respectively.
Equation 1 is almost identical to the form advocated by
Chabrier (2003) for mc = 0.08, and is also very similar to the
piece-wise power-law IMF proposed by Kroupa (2001), again
for mc = 0.08. From fitting the color and luminosity evolution
of cluster ellipticals van Dokkum (2008) suggests that mc ∼ 2
at z & 4. In §3.4 we discuss further the existing evidence for
an IMF that evolves in time and discuss more generally the
importance of the IMF in SPS modeling. Its importance in
understanding galaxy evolution was first discussed in Tinsley
(1980); we discuss its importance in a modern context in §6.2.
It has been known since the work of Tinsley (1980) that
the logarithmic slope of the IMF at the main-sequence turn-
off point determines the rate of luminosity evolution of a
passively evolving system (for a system with ongoing star-
formation it is the IMF in addition to the star formation his-
tory that determines the rate of luminosity evolution). For this
reason it is important that the logarithmic slope of the IMF
be continuous. Thus, while the IMF of Kroupa (2001), which
is a piece-wise power-law, is similar in magnitude to other
continuous IMFs, such as the one used herein, the continuous
variety must be preferred since they do not introduce artificial
jumps in the luminosity evolution of passive systems. This is-
sue is especially acute since the Kroupa (2001) IMF changes
logarithmic slope at 1M⊙, precisely the turn-off point for an
old stellar population. We return to these issues in §3.4 and
§6.2.
2.5. SSPs
With the isochrones, composite spectral library, and IMF in
hand, we are now in a position to construct SSPs, which are
the building blocks of SPS modeling. The spectrum from a
coeval set of stars of metallicity Z at time t after birth can be
described as:
S(t,Z) =
∫ Mui (t)
Mli
Φ(Mi)Λ[L(Mi,Z, t),T (Mi,Z, t),Z]dMi (2)
where Mi is the initial (zero-age main sequence) mass, Mli
and Mui are lower and upper mass cut-offs, Φ is the IMF, Λ is
a spectrum from the stellar library, and L and T are the bolo-
metric luminosity and effective temperature of a star of mass
Mi and metallicity Z. In the following we adopt Mli = 0.1M⊙.
Mui (t), L(t), and T (t) are determined by stellar evolution.
The mass of a coeval set of stars is:
M(t) =
∫ Mui (t)
Mli
Φ(Mi)Mevol(Mi)dMi + Mrem (3)
where Mevol(M) is the evolved mass of a star of initial mass
Mi and Mrem is the amount of mass locked up in remnants
including white dwarfs, neutron stars, and black holes.
We follow the prescription of Renzini & Ciotti (1993) in
assigning remnant masses to dead stars: stars with initial
masses Mi ≥ 40M⊙ leave a remnant black hole of mass
0.5Mi, initial masses 8.5≤Mi < 40M⊙ leave behind a 1.4M⊙
neutron star, and initial masses Mi < 8.5M⊙ leave a white
dwarf of mass 0.077Mi + 0.48. This prescription is standard
in SPS (Maraston 1998; Bruzual & Charlot 2003), although
clearly these relations are not known to great precision (see
Catalán et al. 2008, for a recent summary of the constraints
on the initial–final mass relation for white dwarfs). For most
purposes the above prescription amounts to a normalizing fac-
tor in the mass-to-light ratio, and it is thus of little concern for
the present work. However, if these relations depend on other
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FIG. 1.— Observed CMD of two globular clusters from the HST
(Brown et al. 2005) compared to our SPS model. The important evolution-
ary phases are labeled in the figure, including the main sequence (MS), blue
stragglers (BS), the horizontal branch (HB), red giant branch (RGB), and the
thermally-pulsating AGBs (TP-AGB). The lines are not a fit to the points;
they are however similar in metallicity and age to the observed globular clus-
ters and thus should adequately represent the data. In both panels only a
fraction of the data is plotted below the RGB for clarity. Top Panel: NGC
6341 has an age of 14.5 Gyr and a metallicity of [Fe/H]= −2.14 (Brown et al.
2005); the model has an age of 14.1 Gyr and a metallicity of [Fe/H]= −2.28.
Notice the clear blueward extension of the HB, as is expected for metal-poor
globular clusters. Bottom Panel: NGC 104 has an age of 12.5 Gyr and a
metallicity of [Fe/H]= −0.7 (Brown et al. 2005); the model has an age of 12.6
Gyr and a metallicity of [Fe/H]= −0.68.
parameters such as metallicity then they will have to be con-
sidered in greater detail.
2.6. Isochrone synthesis
The SSPs generated in the previous section describe the
spectral evolution of a coeval set of stars. The final step in
SPS modeling is to generate the time-dependent spectrum of
a galaxy made of stars of varying ages. This flux arises from
the following integral:
F(t) =
∫ t
0
Ψ(t − t ′)S(t ′,Z)e−τˆλ(t′) dt ′ (4)
where Ψ is the star formation rate, Sν(t,Z) is an SSP at time
t and metallicity Z, and e−τˆλ(t) describes the attenuation of
starlight by dust. Note that we assume that the metallicity is
time-independent. This is a common approach in SPS model-
ing, though see Panter et al. (2007) who allow Z(t).
The star formation rate is assumed to commence at some
epoch Tstart. We allow for star formation to be characterized
by two components. One component is a constant level of
star formation quantified as the fraction, C, of star forma-
tion occurring in this mode. The second component exponen-
TABLE 1
SUMMARY OF SPS PARAMETERS
Parameter Description Range
∆T Shift in log(Teff) along the TP-AGB [−0.2,0.2]
∆L Shift in log(Lbol) along the TP-AGB [−0.4,0.4]
fBHB Fraction of blue HB stars [0.0,0.5]
SBS Specific frequency of blue straggler stars [0,10]
τ SFR e-folding time (Gyr) [0,∞)
C Fraction of mass formed in a [0,1]
constant mode of SF
Tstart Age of Universe when SF commences (Gyr) [0.0,5.0]a
τˆ1 Extinction surrounding young stars [0,∞)
τˆ2 Extinction surrounding old stars [0,∞)
Z Stellar metallicity [0.0001,0.030]
mc Characteristic mass of the IMF [0.08,2.0]
a The upper bound on the value of Tstart is set to Tuniv for galaxies at a redshift
where the age of the Universe is younger than 5 Gyr.
tially decreases with time and is characterized by the e-folding
timescale τ . Thus, for the star formation rate we have:
Ψ(t) = (1 −C)
τ
e−t/τ
e−Tstart/τ − e−Tuniv/τ
+
C
Tuniv − Tstart
, Tstart≤ t≤ Tuniv
(5)
where Ψ is normalized such that one solar mass of stars is
created over the age of the Universe, Tuniv. Note that mass-
to-light ratios do not depend on the normalization of the star
formation rate since both the mass and light are integrals over
Ψ. Our goal will be to determine the mass-to-light ratios of
galaxies and then to multiply by the measured galactic light
to infer the total stellar mass; our results will thus be entirely
insensitive to this normalization of Ψ.
We adopt the simple two-component dust model of
Charlot & Fall (2000), where τˆ (t) is given by
τˆλ(t)≡
{
τˆ1(λ/5500)−0.7 t ≤ 107 yr
τˆ2(λ/5500)−0.7 t > 107 yr (6)
In this model, the optical depth for young stellar systems is
associated with dust in molecular clouds, in which the young
stars are embedded. Following the disruption of molecular
clouds, which occurs on a timescale of∼ 107 yr (Blitz & Shu
1980), the optical depth is associated with a uniform screen
across the galaxy. Charlot & Fall (2000) found that values of
τˆ1 ∼ 1.0 and τˆ1 ∼ 0.3 adequately described an array of obser-
vational data. In the following these are left as free parame-
ters. The wavelength-dependence was also constrained by the
available data in Charlot & Fall (2000) although it too could
be left as a free parameter. We leave it fixed for simplicity.
3. IMPORTANT UNKNOWNS: STELLAR EVOLUTION, THE IMF,
AND THE DISTRIBUTION OF STELLAR METALLICITIES
As discussed in the Introduction, there are numerous phases
of stellar evolution that are not well understood on both theo-
retical and observational grounds. In this section we discuss
three phases of particular importance: the TP-AGB, HB, and
blue stragglers, and how these phases can effect the integrated
light from a galaxy. These phases are important in SPS due
to their high bolometric luminosity relative to the luminosity
of main-sequence turn-off stars. There are additional phases
that are not well understood, including post-AGB and Wolf-
Rayet stars, that we will not discuss because they are thought
to be important primarily in the UV and for very young pop-
ulations, respectively — two observational regimes that we
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FIG. 2.— V − K colors of LMC star clusters as a function of cluster age.
Data are from the compilations of Persson et al. (1983, filled circles) and
Kyeong et al. (2003, open triangles). Ages for the Persson et al. (1983) sam-
ple are adopted from Girardi et al. (1995). The average metallicity of the
LMC is Z ≈ 0.006 (Cioni et al. 2006). These data are compared to our de-
fault SPS model (solid line), and for a model with variations in the TP-AGB
temperatures and luminosities by ±0.2 dex and ±0.4 dex (dashed and dot-
dashed lines, respectively). Note that the standard stellar tracks without mod-
ification to the TP-AGB stars (solid lines) predict V −K colors redder than the
majority of observed clusters.
will not address herein. In this section we also explore the
importance of the IMF and the impact of assuming a distribu-
tion of stellar metallicities, rather than a single metallicity, on
the derived properties of galaxies.
In order to guide the eye, in Figure 1 we plot the color-
magnitude diagram (CMD) for two globular clusters observed
with the Hubble Space Telescope (HST; Brown et al. 2005),
and compare them to stellar evolution tracks for models with
ages and metallicities comparable to the observed clusters.
This figure highlights the locations of the various important
phases of stellar evolution that will be discussed in the fol-
lowing sections.
3.1. Thermally-pulsating AGB stars
Thermally-pulsating AGB stars (TP-AGBs) are an ex-
tremely difficult phase of stellar evolution to model. The ther-
mal pulses are thought to be driven by an instability arising
when stars undergo helium shell burning. Hydrogen burn-
ing above the helium shell dumps helium ash into the helium
burning shell, which increases the energy output of the he-
lium shell. Since the helium shell is both thin and partially
degenerate, the shell cannot readjust to the increased energy
production, and a thermal runaway ensues until the star can
readjust. This instability occurs in stars with initial masses
. 5M⊙ and hence for stellar populations with ages & 108
years (Marigo et al. 2008).
As mentioned in the Introduction, the importance of this
phase of stellar evolution recently became apparent when it
was revealed that the SPS codes of Bruzual & Charlot (2003)
and Maraston (2005) produce systematically different predic-
tions for the masses and ages of intermediate age galaxies. It
quickly became clear that the different treatment of TP-AGBs
in these models, which dominate the light in the near-IR for
stellar populations several gigayears old, was the source of the
difference (Maraston et al. 2006).
Progress in understanding the TP-AGB phase is hampered
not only by the aforementioned difficulties in theoretical mod-
eling but also by the lack of observations of stars in this phase.
Observations are difficult because, while such stars are in-
trinsically luminous, they are also very rare due to the short
amount of time stars spend in this phase. Due to their rareness,
they are often not seen in star clusters, and thus the standard
technique of comparing SSPs to observed globular clusters
does not shed light on the TP-AGB phase (see e.g. Figure 1).
The TP-AGB phase is best studied in the field of the Milky
Way and in the LMC and SMC — regions where bright stars
can be resolved in large numbers by ground-based telescopes.
Appealing to data collected from such large regions intro-
duces additional uncertainties, however, because the stars in
such a sample span a range of ages and metallicities, neither
of which are known.
The uncertainties associated with TP-AGB stars are mod-
eled in the following manner: the location of the TP-AGB
track (see e.g. Figure 1) in the HR diagram is specified by two
parameters,∆L and∆T , that characterize the shift in log(Lbol)
and log(Teff), respectively, with respect to the default tracks
provided by the models of Marigo et al. (2008). For simplic-
ity, these shifts are independent of time for an SSP.
This simple parameterization is motivated by the fact that
several uncertain steps are required in order to transform a
theoretical TP-AGB star into observable properties. First,
its luminosity and temperature must be specified, as a func-
tion of metallicity, as given by stellar evolution calculations.
Next, the luminosity, temperature, and metallicity must be
converted to a full spectrum for the star. This step is made
with observed spectra of a sample of TP-AGB stars (with un-
known metallicities) since theoretical TP-AGB spectra are ex-
tremely difficult to calculate. Finally, reddening by circum-
stellar dust may be important, although our default models do
not include this effect. Each of these steps carries significant
uncertainties. Since we are only interested in transforming a
theoretical TP-AGB star into observable properties, we have
incorporated all of these uncertainties into the two parameters
described above.
For example, if after fitting our model to an observed galaxy
we find non-zero values for either or both of these parame-
ters, then we would conclude that either our default stellar
evolution model is inaccurate, or our stellar spectral library is
flawed, or there is substantial circumstellar dust that we are
not including, or some combination of all three of these.
While the details of the TP-AGB phase, and hence the val-
ues of the parameters ∆L and ∆T are uncertain, data from
both the Milky Way and Magellanic Clouds provide valuable
constraints on these uncertainties. Figure 2 plots the V − K
color of star clusters as a function of cluster age for clusters
from the LMC. Since each cluster is an SSP, this plot effec-
tively shows the V − K evolution of a single SSP at the mean
metallicity of the LMC, which is Z = 0.006 (Cioni et al. 2006).
This figure includes the SPS predictions for a standard model
at Z = 0.006, and models where the parameters ∆T and ∆L
and varied by ±0.2 and ±0.4, respectively.
As noted in Marigo et al. (2008), the SSP rapidly reddens
at t ≈ 108 years because the AGB phase occurs only in stars
with masses less than Mi ∼ 5M⊙. Marigo et al. (2008) also
note that this rapid reddening is stronger than observations al-
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FIG. 3.— Evolution of SSPs at solar metallicity for a range in the parameter
∆L, the overall shift in log(Lbol) of the TP-AGB phase. Since TP-AGB stars
are cool, varying ∆L primarily effects bands redward of R. The mass-to-light
ratio in the V -band, M/LV , and the U −V color are entirely insensitive to this
parameter.
low, and they suggest that the source of the discrepancy lies in
the treatment of mass-loss in the AGB phase. We mention in
passing that the models of Maraston (2005) do not suffer from
this effect (see Maraston 1998), in part because they were cal-
ibrated to fit the LMC star cluster data. At ages younger than
108 years the model predicts colors too blue compared to ob-
servations. Such young clusters are not thought to contain
AGB stars; the discrepancy can thus not be attributed to the
AGB phase. Marigo et al. (2008) offer a number of possible
explanations for the mismatch between model and data but
ultimately this mismatch must be accepted in the current gen-
eration of models.
Moreover, it is clear that the default models (where∆L = 0.0
and ∆T = 0.0) predict V − K colors that are too red compared
to the observed star clusters at t & 108 years. The figure shows
that increasing the temperature of TP-AGB stars by 0.2 dex
and/or decreasing their luminosity by 0.4 dex results in better
agreement with the data. Models that decrease the tempera-
ture and/or increase the luminosity do not produce substan-
tially worse agreement than the default model at late times
(t & 109.5 years) but are much redder than the data for inter-
mediate ages.
From this comparison we conclude that values for the TP-
AGB parameters in the range −0.4 < ∆L < 0.0 and 0.0 <
∆T < 0.2 cannot be ruled out by current data from the LMC.
When fitting to observations we allow these parameters to
vary in the wider range −0.4<∆L < 0.4 and −0.2<∆T < 0.2
for increased flexibility because these parameters may depend
on metallicity in a way that could not be discerned from the
comparison to the LMC.
The effects of ∆L and ∆T on the evolution of SSPs are ex-
plored more broadly in Figures 3 and 4, where the evolution
of M/LV , U − V , V − R, and V − K are plotted for a range of
these TP-AGB parameters.
Figure 3 shows that it is primarily bands redward of V that
are sensitive to ∆L — bluer bands are almost entirely insen-
sitive to this parameter. This result is not surprising in light
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FIG. 4.— Same as Figure 3, except now the parameter ∆T , the overall shift
in log(Teff) of the TP-AGB phase, is varied. Increasing the temperature of the
TP-AGB phase effectively shifts the dominant flux contribution of these stars
from the K-band to bluer bands such as R and V . Thus hotter TP-AGBs can
result in redder U −V colors as shown in the figure.
of the fact that TP-AGB stars dominate the energy output red-
ward of ∼ 1µm. It thus may be the case that the inclusion of
near-IR information does not significantly reduce the errors in
physical properties of galaxies, such as stellar masses, since
the red light in galaxies is dominated by this uncertain phase
of stellar evolution.
Figure 4 shows the impact of the ∆T parameter on the evo-
lution of SSPs. This TP-AGB parameter has a strong influ-
ence on not only the V − K color but on bluer colors as well.
Moreover, this parameter has opposite effects on V − K com-
pared to U − V and V − R colors, in the sense that ∆T > 0
results in bluer V − K colors and redder U −V and V − K col-
ors. This trend is due to the fact that hotter TP-AGB stars emit
most of their light in progressively bluer bands compared to
cooler TP-AGB stars. So as ∆T is increased, the integrated
flux in the V− and R−bands is increased at the expense of red-
der bands such as K.
These TP-AGB parameters will be included in our fits to
observed broad-band photometry of galaxies in §5.
3.2. Horizontal branch stars
The horizontal branch (HB) consists of old low-mass (M .
1M⊙) stars burning helium in their cores, and hydrogen in a
shell surrounding the core, at nearly constant bolometric lu-
minosity (Sweigart 1987; Lee et al. 1990, 1994). The narrow
range of luminosities is driven largely by the constant core He
mass of stars that enter the HB phase.
The temperature of HB stars has received extensive atten-
tion in the literature, in part because HB stars are luminous
and thus accurate knowledge of their temperatures is impor-
tant for modeling the integrated light from a galaxy. Observa-
tionally, it appears that metal-rich globular clusters contain
almost exclusively red HB stars, while HB stars in metal-
poor clusters ([Fe/H]. −1.4) populate a wide range of tem-
peratures (Harris 1996). This trend is thought to be due to
metallicity-dependent mass-loss on the RGB, which leads to
a smaller envelope mass in metal-poor compared to metal-
rich systems, and hence hotter HB stars (Greggio & Renzini
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FIG. 5.— Same as Figure 3, except now the parameter fBHB, the fraction of
blue HB stars, is varied. In our model this parameter is turned on at t = 5 Gyr,
as is clear from the figure, because there are no observed globular clusters
with a blue horizontal branch and an age of less than 5 Gyr. Blue HB stars
are hot; increasing their fraction thus has the largest impact on bluer colors
such as U −V and V − R, and a smaller effect on V − K.
1990). One of the fundamental problems with understand-
ing the morphology (i.e. temperature distribution) of the HB
is that the temperature of HB stars is extremely sensitive to
the amount of mass lost. For example, a difference in en-
velope mass of only 0.04M⊙ can correspond to a tempera-
ture increase from 5,000 K to 11,000 K (Rich et al. 1997), a
temperature increase sufficient to explain the morphology of
metal-poor systems. Since an adequate theory of mass-loss
for evolved stars does not exist, understanding the morphol-
ogy of the HB from first principles is extremely challenging.
One might hope to understand the HB morphology purely
observationally and thereby asses its potential impact on SPS
without the aid of theoretical models. This approach has
also proved difficult. In particular, there are clear examples
of metal-rich star clusters with a blue HB (Rich et al. 1997;
Brown et al. 2000; Kalirai et al. 2007), suggesting that the
morphology of the HB may not depend only on metallicity.
On the other hand, data from the Hipparcos satellite demon-
strate that there is not a significant population of blue HB stars
in the solar neighborhood (Jimenez et al. 1998). This may
to attributed to the paucity of metal-poor stars in the solar
neighborhood (Rana 1991). However, we might expect other
galaxies, especially ellipticals, to contain a significant popula-
tion of metal-poor stars because recent galaxy formation mod-
els imply that ellipticals form their stars in a manner closely
analogous to the closed-box model. Indeed SPS modeling of
the spectra of local elliptical galaxies suggests that∼ 5 − 20%
of the stellar mass in such galaxies may be associated with
metal-poor stars (Worthey et al. 1996; Maraston & Thomas
2000; Trager et al. 2005; Maraston et al. 2009).
Blue HB stars are an important phase of stellar evolution to
understand because they can strongly effect the balmer lines
(e.g. Lee et al. 2000), and can complicate the estimation of
quantities such as stellar age and metallicity (e.g. Lee et al.
2002). With sufficient spectral resolution and signal-to-noise,
the spectral signatures of a blue HB can in fact be isolated
(Trager et al. 2005). However, for broad-band colors and low
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FIG. 6.— Same as Figure 3, except now the parameter SBS , the specific fre-
quency of blue stragglers, is varied. In our model this parameter is turned on
at t = 5 Gyr, as is clear from the figure. The impact of BS stars is qualitatively
similar to but smaller in magnitude than blue HB stars because BS stars are
at roughly the same temperature as blue HB stars but are nearly an order of
magnitude less luminous (see Figure 1).
signal-to-noise data, it is difficult to make this distinction.
Despite these large observational and theoretical uncer-
tainties, some SPS codes do not include blue HB stars
(Bruzual & Charlot 2003), or, if they are included, they are
included only in metal-poor systems (Jimenez et al. 2004).
Only the Maraston (2005) model includes blue HB stars at
both low and high metallicity. We feel that the uncertainties
in our knowledge of the HB warrant a more flexible treatment
of the HB than is typically implemented.
To this end, in our SPS model we allow for a specified
fraction of HB stars that are spread uniformly in tempera-
ture from the standard red end of the HB to 10,000 K for
the full range of metallicities we consider. We refer to these
HB stars with temperatures hotter than the red clump as blue
HB stars. These blue HB stars are added for populations older
than 5 Gyr. No globular clusters have been found with both
younger ages and a blue HB morphology. Atlee et al. (2009)
have recently shown that the UV excess in luminous early-
type galaxies does not evolve appreciably since z≈ 0.65, sug-
gesting that, if the UV excess is due to blue HB stars, then
it is reasonable to assume a non-evolving blue HB for stellar
populations older than several gigayears.
The bolometric luminosity of HB stars is left unaltered be-
cause, as stated above, their luminosities are understood both
observationally and theoretically. The weight assigned to blue
HB stars is a free parameter and is specified as the fraction of
HB stars that are in this blue component, fBHB. This param-
eter is allowed to vary from 0 < fBHB < 0.5. The upper limit
is arbitrary but is motivated by the consideration that a galaxy
with 20% of its stellar mass in metal-poor stars and a blue
HB population in 40% of its metal-rich systems would have
fBHB = 0.5. Observationally, Dorman et al. (1995) infer from
the UV upturn in elliptical galaxies that between 5 − 20% of
HB stars are very blue. One might expect this fraction to in-
crease as the overall metallicity of a galaxy decreases.
Figure 5 shows the color and M/L evolution of SSPs at solar
metallicity for a range in the parameter fBHB. The bluer col-
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FIG. 7.— Same as Figure 3, except now the parameter mc, the characteristic
mass of the IMF, is varied. As discussed in the text, the IMF has a much larger
influence on the luminosity evolution, and hence M/L, than color evolution.
Nonetheless, IMF differences can induce color changes of order 0.1 mags in
the near-IR at intermediate ages.
ors are more sensitive to this parameter than the redder colors.
The addition of blue HB stars, in our implementation, does
not significantly alter the evolution of colors at late times, but
rather it amounts to an approximately constant blueward off-
set.
3.3. Blue straggler stars
As indicated in Figure 1, blue stragglers (BSs) are stars that
extend blueward and brighter than the main sequence turn-
off point. They are a ubiquitous feature of observed glob-
ular clusters (e.g. Sandage 1953; Bailyn 1995; Brown et al.
2005; Sarajedini et al. 2007). Their origin remains a mystery.
Standard explanations are that BSs are either due to primor-
dial binary evolution (McCrea 1964) or collisional merging
(Bailyn 1995). If the later is in fact dominant then one expects
BSs to have a negligible effect on the integrated light from a
galaxy because collisions are only important at the high den-
sities found in globular clusters, in which only a small fraction
of galactic stellar mass is found. If binary evolution, due e.g.
to mass transfer and/or coalescence, is responsible, then they
may be common throughout galaxies due to the high primor-
dial binary fraction of field stars of spectral type∼K or earlier
(Duquennoy & Mayor 1991; Lada 2006). Observations seem
to suggest that both processes are at work in globular clusters
(Davies et al. 2004; Piotto et al. 2004).
There are also some observational indications that BSs are
factors of several more common in the field compared to
globular clusters (Preston & Sneden 2000). There are several
ways of explaining such a difference between field and clus-
ter, but it is sufficient for our purposes to note that their obser-
vational status is sufficiently underconstrained to include BSs
in our SPS modeling in a flexible way.
Turning to their observational consequences, Li & Han
(2009) have incorporated the effects of binary star interactions
into their SPS code and find that including binaries can re-
sult in broad-band colors bluer by ∼ 0.05 mags. Xin & Deng
(2005) find that BSs in old open clusters can contribute as
much as ∼ 0.2 magnitudes to the B −V color of the integrated
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FIG. 8.— Change in magnitude per unit redshift at z≤ 1 for a passive stellar
population, as a function of the logarithmic slope of the IMF. Magnitude
evolution in both the B− and K−bands are included. The hatched regions
denote the uncertainties in the measured IMF slope at 0.08 < M < 0.5M⊙
(left) and M ≥ 1.0M⊙ (right; Kroupa 2001). Since luminosity evolution is
determined by the IMF slope at the mass where stars are just leaving the
main sequence, passive evolution is determined by the slope at ≈ 1M⊙ for
old (t & 1010 yrs) stellar populations. In the K−band, the uncertainty in the
IMF slope at 1M⊙ translates into an uncertainty in dM/dz of∼ 0.4 mags for
an old, passively evolving stellar population.
cluster. They find no correlation between the number of BSs
and the cluster age, suggesting that BSs may be a relatively
stable phenomenon (though see discussion in Davies et al.
2004).
BSs are included in our SPS code with the following pre-
scription. As with the blue HB stars, the BS phenomenon
is ‘turned on’ for ages greater than 5 Gyr. Observationally,
the specific frequency of BSs, SBS, is defined as the num-
ber of BSs per unit HB star, i.e. SBS ≡ NBS/NHB. Typical
values for globular clusters are in the range 0.1 < SSB < 1
(Piotto et al. 2004), although Preston & Sneden (2000) sug-
gest that SBS could be as high as five in the field. BSs typically
are found in a region parallel to the zero-age main sequence
starting at ∼ 0.5 mags brighter than the turn-off point and ex-
tending another∼ 2 mags brighter (Xin & Deng 2005). In our
code BSs populate a region from 0.5 − 2.5 mags brighter than
the zero-age main sequence. The BS population is parameter-
ized with the single free parameter SBS.
Figure 6 shows the effect of BSs on the integrated colors
and M/L of a solar metallicity SSP. BSs contribute mostly to
the blue bands and at the ∼ 0.1 mag level, consistent with
both models (Li & Han 2009) and observations (Xin & Deng
2005). BSs have less of an effect than HB stars because they
are roughly an order of magnitude less luminous (cf. Figure
1).
3.4. The IMF
The IMF is very uncertain at masses 0.8 . M . 2M⊙ be-
cause at these masses IMF constraints derived from field stars
in the solar neighborhood rely on large and uncertain stellar
evolution corrections (Kroupa 2001). While the IMF is also
uncertain at both higher and lower stellar masses, this mass
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range is critical for galaxies made of old (& 109 years) stars
because the main-sequence turn-off of such old populations is
∼ 1M⊙2, and, as discussed in §2.4, it is the logarithmic slope
of the IMF at the main-sequence turn-off point that determines
the rate of luminosity evolution for a passively evolving sys-
tem. More generally, the observed IMF must be corrected for
a large number of systematics including the fraction of binary
stars, shot noise, and dynamical evolution, in order to infer the
‘true’ underlying single-star IMF. These corrections are large
and uncertain.
While direct measurements of the IMF in the Galaxy are
challenging, they are all but impossible in external galaxies
beyond the LMC and SMC. This unfortunate situation is un-
likely to improve. Nonetheless, much work has gone into
constraining the IMF via indirect approaches. For example,
evolution with redshift of M/LB and U −V for galaxies on the
fundamental plane suggests that the IMF may be weighted
toward higher masses at z ∼ 2 compared to local measure-
ments (van Dokkum 2008). Furthermore, comparison of the
evolution of the cosmic star formation rate density, which is
sensitive to the high-mass end of the IMF, to evolution of the
cosmic stellar mass density, which is sensitive to the lower-
mass end, also suggests that the IMF is different at z > 1,
in the same sense as implied by the evolution of the fun-
damental plane (e.g. Hopkins & Beacom 2006; Davé 2008;
Wilkins et al. 2008). Carbon-enhanced metal poor-stars also
point toward a top-heavy IMF at early times (Lucatello et al.
2005; Tumlinson 2007a,b). These arguments are indirect, and
should thus be treated with caution. However, in support of
these conjectures, simple theoretical arguments suggest that
the characteristic temperature of molecular clouds may be
higher at earlier epochs, which in turn would lead to a higher
Jeans mass and thus potentially a different IMF at early times
(Larson 1998, 2005). For a review of evidence suggesting a
varying IMF, see Elmegreen (2009).
In standard implementations of SPS the IMF is typically
treated as an uninteresting overall normalization of the galac-
tic stellar mass. This assumption is problematic for at least
two related reasons as demonstrated in Figure 7, and first
pointed out by Tinsley (1980). On the one hand, the IMF
determines the relative weights to be assigned to various por-
tions of the isochrones. If broad-band colors are dominated
by one phase of stellar evolution, for example the main se-
quence turn-off, then they will be entirely insensitive to the
IMF. This is approximately the case for the U − V color in
Figure 7. However, if at least some colors are determined by
a mixture of stellar evolutionary phases, such as the RGB and
AGB phases, then these colors will be sensitive to the IMF, as
seen in the V − K color in the figure (see also Maraston 1998).
This uncertainty in the colors due to the uncertainty in the
IMF should arguably be included in SPS models because ob-
servational quantities are effected. Different IMFs can yield
different colors which in turn will result in different predic-
tions for ages and metallicities of galaxies. This can be con-
trasted with the effect of the IMF on the stellar mass of galax-
ies because there variation in the IMF leads only to an overall
re-scaling of the stellar mass. See Westera et al. (2007) for a
discussion of these effects and the prospects for constraining
the form of the IMF from broad-band photometry of external
galaxies. In the present work we do not marginalize over un-
2 The main-sequence turn-off mass decreases very slowly with time for
old stellar populations. For example, at t = 109,5× 109 , and 1010 years the
turn-off mass is 2.0,1.2, and 1.0M⊙ , respectively.
certainties in the IMF when fitting the photometry of observed
galaxies.
The second issue is that, even if colors are only mildly af-
fected, the rate of luminosity evolution is strongly related to
the logarithmic slope of the IMF, as shown in the top left panel
of Figure 7. So while the stellar mass of galaxies at a fixed
epoch may be relatively robust against IMF variations, in the
sense that changing the IMF will change the stellar mass of all
galaxies by the same relative amount, luminosity evolution is
very sensitive to the IMF. The slope of the IMF near 1M⊙ is
not known to better than ±(0.3 − 0.7) in the solar neighbor-
hood (Kroupa 2001), and thus this is an important uncertainty
to consider even if one wants to retain the notion of a uni-
versal IMF. This uncertainty makes it extremely difficult, for
example, to interpret evolution in the luminosity function of
bright galaxies in terms of a constraint on their stellar growth.
This point is demonstrated explicitly in Figure 8, where we
plot the best-fit linear slope for the evolution of the absolute
magnitude of an SSP with redshift, over the interval 0< z< 1,
as a function of the logarithmic IMF slope. As mentioned
above, for old stellar populations the main sequence turn-off
mass is ∼ 1M⊙, and it is the slope of the IMF at the turn-
off mass that is important for passive luminosity evolution.
The figure demonstrates that passive fading of a population
of stars since z = 1 is uncertain at the ∼ 0.4 mag level in
the K-band (see also Yi et al. 2003). In light of this effect,
precise conclusions made from evolving luminosity functions
(e.g. Wake et al. 2006; Brown et al. 2007; Cool et al. 2008)
must be treated with extreme caution. See §6.2 for a detailed
discussion of this issue.
3.5. Metallicity distributions
The stars within a galaxy do not form from gas at a sin-
gle metallicity. Rather, if stars form from a “closed-box” of
gas, where no inflow or outflow takes place, the metallicity
distribution of the stars approaches:
dn
dlnZ ∝ Z e
−Z/p (7)
where p is the true yield (Searle & Sargent 1972; Pagel 1997).
It has been known for some time that the closed-box model
predicts too many metal-poor stars in the solar neighborhood
— the so-called G-dwarf problem (Rana 1991). A possible
explanation is that gaseous inflow and/or outflow has been
important in the formation of stars in the solar neighborhood
(Larson 1972). Such an explanation is particularly attractive
in the context of hierarchical structure growth, which is a ro-
bust feature of a universe dominated by cold dark matter.
In spite of the failure of the closed-box model at describ-
ing the solar neighborhood, one might expect it to fair bet-
ter at describing the metallicity distribution of stellar popu-
lations formed over short time-scales. In such populations
gaseous inflow and/or outflow are less important because they
have less time to effect the metal content of the gas out of
which stars are forming. Indeed, the metallicity distribution
of stars in the bulge of the Milky Way can be somewhat better-
described by a closed-box model with a yield of p = 0.015,
although even in the bulge there appears to be too few metal-
poor stars (Rich 1990; Zoccali et al. 2003). Inclusion of the
metal-poor halo in the accounting may yet produce better
agreement with the closed-box model. The paucity of metal–
poor stars in comparison to the predictions of the closed–
box model is evident in other galaxies as well (Worthey et al.
1996, 2005).
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FIG. 9.— Effect of stellar metallicity on the evolution of an SSP. This fig-
ure compares the effect of a distribution of metallicities on the colors of SSPs
to the colors of single-metallicity SSPs. Five metallicity distributions are
shown in the top left panel. The colors of SSPs with such metallicity dis-
tributions are shown in the remaining three panels at t = 3.2 (open squares)
and 12.6 Gyr (filled circles), as a function of the mean metallicity of the
distribution. These results are compared to the colors of single-metallicity
SSPs as a function of metallicity, at 3.2 (dashed lines) and t = 12.6 Gyr (solid
lines). The distributions in the upper left panel are numbered according to
their mean metallicities, in ascending order. Notice that the difference be-
tween the points and lines is small for colors redward of the V −band but are
noticeable and systematic for U −V . See the text for details.
While it is clear that there are fewer observed metal-poor
stars compared to the closed-box model, the stars constitut-
ing galaxies nevertheless have a distribution of metallicities
and this fact is not included in standard SPS modeling. In or-
der to explore the effects of a distribution of metallicities on
the colors of SSPs, we consider three closed box models de-
scribed by Equation 7 with p = 0.003,0.010,0.020, and two
more flexible distributions that are the sum of two Gaussians:
dn
dlnZ ∝ e
−(Z−µ1)2/σ21/2 + e−(Z−µ2)/σ
2
2/2 (8)
where (µ1,σ21 ,µ2,σ22) = (0.010,0.005,0.005,0.005) and(0.013,0.003,0.0005,0.001). In light of the discussion
above, these distributions almost certainly contain more
metal-poor stars than observations demand, and so they
should be thought of as extreme scenarios for the metallicity
distributions in real galaxies. Note also that we are assuming
that metallicity and stellar age are uncorrelated. Of course,
the mean metallicity of a galaxy will tend to increase with
time and so one might expect younger stars to be more metal
rich, on average, than older stars. Investigating constraints
on the metallicity evolution of a galaxy will be the subject of
future work.
The five metallicity distributions are shown in the top left
panel of Figure 9. In the remaining panels of this figure we
plot the dependence of the U − V , V − R, and V − K colors
on metallicity at two stellar ages. The colors as a function
of single-metallicity SSPs (lines) are compared to the colors
from the multi-metallicity stellar populations described above
(symbols). Colors from the multi-metallicity populations are
plotted against the average metallicity of the population. For
the V − R and V − K colors there is no significant difference
between a single-metallicity SSP and a multi-metallicity SSP
with the same average metallicity. Since we have chosen
rather extreme metallicity distributions, this implies that the
optical and near-IR colors shown here are entirely insensitive
to the range of metallicities in a galaxy.
For the U − V color the multi-metallicity populations are
∼ 0.1 magnitudes bluer when compared to single-metallicity
SSPs. The impact of a distribution of metallicities on the in-
ferred color is comparatively strong for U − V because this
color varies strongly, and non-linearly, with metallicity. We
have found that this discrepancy between single and multi-
metallicity populations increases into the ultraviolet (see also
Schiavon 2007). We leave a more detailed discussion of this
effect for future work, but note here that this difference could
potentially lead to a mis-estimation of either/both the metal-
licity and age of a galaxy.
Recall that we have decoupled metallicity and horizontal
branch morphology. As noted in §3.2, metal-poor globular
clusters have extended horizontal branches, while metal-rich
clusters have exclusively red horizontal branch stars. This can
certainly produce a substantial difference between a single
metallicity and multi-metallicity population of stars. Since we
consider the horizontal branch morphology separately herein,
we do not include its effect in this section. We have decou-
pled metallicity from horizontal branch morphology because,
as discussed in §3.2, the dependence of the horizontal branch
on metallicity is poorly understood.
3.6. Summary of important unknowns
In this section we have explored several important and yet
uncertain ingredients in SPS modeling. These include uncer-
tain phases of stellar evolution such as the TP-AGB stars, hor-
izontal branch, and blue stragglers, the IMF, and the universal
assumption in SPS modeling that every star in a galaxy has
the same metallicity.
As Figures 3, 4, 5, and 6 show, the uncertain phases of stel-
lar evolution can have a large effect on the color of an SSP
within the plausible range of uncertainties. These uncertain-
ties thus must be incorporated into any SPS model in order to
derive accurate and robust physical parameters of galaxies.
Figures 7 and 8 show that the variations in the logarithmic
slope of the IMF has a minor effect on the colors of an SSP but
has a large effect on its luminosity evolution. This uncertainty
must thus be incorporated whenever one attempts to discuss
the luminosity evolution of galaxies.
Finally, Figure 9 compares the effect of assuming a single
metallicity to a distribution of metallicities on the evolution
of an SSP. The relation between color and average metallicity
is essentially independent of the distribution of metallicities
one assumes for bands redward of V . At bluer wavelengths
the difference between single and multi-metallicity popula-
tions becomes more apparent. This effect, if not included in
SPS models, may introduce unknown systematics. We will
investigate this aspect in future work.
3.7. Comparison to other SPS models
In this section we compare our SPS model to two previ-
ous, highly used, models. Figure 10 shows the luminosity
and color evolution of a solar metallicity SSP for our default
model and the models of Bruzual & Charlot (2003, BC03)
and Maraston (2005, M05). Also included in the figure are
two predictions of our model with the TP-AGB parameters set
to ∆L = −0.4 and ∆T = 0.2. The M05 model predicts that the
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FIG. 10.— Comparison of the Bruzual & Charlot (2003, B03) and Maraston
(2005, M05) SPS models to the default model presented herein for a solar
metallicity SSP. We also include results of our model with ∆L = −0.4 (up-
per dotted line) and ∆T = 0.2 (lower dotted line) in the panels where these
parameter choices result in noticeably different model predictions.
TABLE 2
DEFINITION OF SDSS SAMPLES
Description Luminosity Cut Color Cut
bright red −24.0 < Mr − 5log(h) < −22.0 0.70 < (g − r) < 0.90
faint red −20.5 < Mr − 5log(h) < −20.0 0.70 < (g − r) < 0.90
bright blue −21.5 < Mr − 5log(h) < −21.0 0.20 < (g − r) < 0.66
faint blue −20.5 < Mr − 5log(h) < −20.0 0.20 < (g − r) < 0.66
NOTE. — All samples are within the redshift range 0.10 < z < 0.12.
TP-AGB stars constitute a much larger fraction of the near-IR
light compared to BC03. This explains the much redder J − K
and V − K colors, and the redder g − r colors for t . 2 Gyr
shown in Figure 10.
Our default SPS model compares favorably with the M05
model, which is not surprising because our isochrones include
TP-AGB calculations of a sophistication comparable to that in
M05. In addition, our code is flexible enough to roughly cap-
ture the trends predicted by BC03. In the figure it is clear
that the V − K color evolution of our model appears similar to
BC03 when we set ∆L = −0.4. In other words, when we force
the TP-AGB stars to be less important to the integrated SSP,
our model converges to the BC03 model. This is one of the
advantages of the flexible SPS model presented herein com-
pared to others in the literature — the flexible model does not
put priors on uncertain physics in stellar evolution. Instead,
the model lets the data decide what parameters are most fa-
vored.
4. DATA, AND DATA FITTING
We now turn to the task of fitting our SPS model to the
photometry of galaxies. In this section we describe the data
used and the details of the fitting procedure. In the following
section we present the results.
4.1. Data at z∼ 0
The Sloan Digital Sky Survey (SDSS; York et al. 2000;
Abazajian et al. 2004; Adelman-McCarthy et al. 2006) is an
extensive photometric and spectroscopic survey of the local
Universe. As of Data Release 4 (DR4), imaging data exist
over 6670 deg2 in five band-passes, u, g, r, i, and z. Ap-
proximately 670,000 objects over 4780 deg2 have have been
targeted for follow-up spectroscopy as part of SDSS are in-
cluded in DR4; most spectroscopic targets are brighter than
r = 17.77 (Strauss et al. 2002). Automated software performs
all the necessary data reduction, including the assignment of
redshifts.
The Two Micron All Sky Survey (2MASS; Jarrett et al.
2000, 2003) is an all-sky map in the J, H, and Ks bands.
We make use of the Extended Source Catalog, which is com-
plete to Ks ∼ 13.5. The 2MASS and SDSS catalogs are
matched as described in Blanton et al. (2005), and are avail-
able in the hybrid NYU Value Added Galaxy Catalog (VAGC;
Blanton et al. 2005).
In addition we use the publicly available pack-
age kcorrect v4.1.4 (Blanton et al. 2003;
Blanton & Roweis 2007) to derive restframe ugrizJHK
Petrosian magnitudes for all SDSS galaxies that have a
matched 2MASS counterpart. All galaxies are K-corrected
to z = 0.0. The kcorrect package also estimates stellar
masses by fitting the broad-band colors to a grid of templates
based on the Bruzual & Charlot (2003) SPS code; see
Blanton & Roweis (2007) for details. In §5 we will compare
to these mass estimates. In the present work we are interested
in deriving physical parameters for a small but representative
sample of galaxies, and so we are not concerned with issues
such as survey completeness or the construction of volume
limited samples.
Four samples from the SDSS-2MASS matched catalog are
defined in order to explore trends with luminosity and color.
All galaxies are chosen to have 0.10 < z < 0.12 in order to
minimize any possible evolutionary effects within the sample.
The samples are defined according to the luminosity and color
cuts defined in Table 2.
4.2. Data at z∼ 2
In addition to data at z ∼ 0, we also analyze four
spectroscopically-confirmed galaxies at z ∼ 2 reported by
Daddi et al. (2005). These galaxies lie in the Hubble Ultra
Deep Field and have an elliptical morphology. Spectral fea-
tures and broad-band colors indicate that the light from these
galaxies is dominated by A- or F-type stars, and are hence
not currently star-forming (Daddi et al. 2005; Maraston et al.
2006). These galaxies are interesting to study in detail
because they constitute the data used by Maraston et al.
(2006) to demonstrate the large systematic differences be-
tween predictions from the SPS models of Maraston (2005)
and Bruzual & Charlot (2003). According to Maraston et al.
(2006), these galaxies are very massive — typical stellar
masses are ∼ 1011M⊙.
A wide array of broad-band photometry is available for
these galaxies including VRJK, Spitzer IRAC imaging in the
3.6µm, 4.5µm, 5.8µm, and 8.0µm filters, and Hubble Space
Telescope imaging in the F435, F606, F775, F895, F110, and
F160W filters. Daddi et al. (2005) originally presented results
for seven galaxies. We use only those galaxies that are de-
tected in all filters and with z > 1.7, leaving us with a sample
of four. Finally, we do not use the 8.0µm filter because our
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FIG. 11.— Results from fitting our SPS model to the broad-band photometry of an ∼ L∗ blue galaxy at z∼ 0. Top Row: Marginalized probability distributions
for physical properties including M/L, mass-weighted age, metallicity, and current specific SFR. Results are included both for our default model with no
marginalization over uncertain aspects of stellar evolution (dashed lines) and a model that explicitly marginalizes over such uncertain aspects (solid lines). The
arrows in the left-most panel indicate the best fit M/L for this galaxy as determined by different authors (see the text for details). Bottom Rows: Likelihood
contours at 68% CL (red lines) and 95% CL (black lines) highlighting the dependence of the four physical properties on four parameters governing uncertain
aspects of stellar evolution (see Table 1 for details). In most cases the upper and lower bounds on the parameters along the y-axis are governed by the choice of
priors. The dotted lines highlight the values of the parameters assumed in the default model. The default value for the quantity along the bottom row, log(SBS), is
SBS = 0 and hence is not visible in the figure.
stellar libraries do not extend that far into the infrared.
4.3. Fitting procedure
The SPS model outlined in §2 and 3 contains 10 free param-
eters, summarized in Table 1 (we do not attempt to marginal-
ize over the IMF parameter mc). Recall that each point in
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FIG. 12.— Same as Figure 11, except now for a bright red galaxy at z∼ 2. The horizontal line in the upper-left panel indicates the 95% CL limit on log(M/LK )
for this galaxy as reported by Maraston et al. (2006, this is galaxy 3650 according to their Table 3), whose full width is 0.2 dex. Accorinding to our SPS model,
the 95% CL limit on log(M/LK ) for this galaxy is 0.6 dex. The age of the Universe at the redshift of this object is 3.6 Gyr for our adopted cosmology. The
likelihood contours involving the parameters fBHB and SBS are not included here because those aspects of stellar evolution are assumed to turn on in our model
for ages > 5 Gyr, which is older than the age of the Universe at the redshift of this galaxy.
this parameter space is associated with a spectrum of a com-
posite stellar population that can be transformed into a set of
broad-band colors. Each set of parameters also specifies a
time-dependent mass-to-light ratio, M/L, in a variety of fil-
ters. Our goal now is to explore the likelihood surface in this
11 dimensional space for each of a large number of observed
galaxies. In particular, we are interested in the likelihood of
M/L for a given galaxy.
Exploration of such a large parameter space is most ef-
ficiently accomplished with a Monte Carlo Markov Chain
(MCMC) algorithm. In the MCMC algorithm, a step is taken
in parameter space and this step is accepted if the new loca-
tion has a lower χ2 compared to the previous location, and
is accepted with probability e−∆χ2/2 if the χ2 is higher than
the previous location. Each step in the chain is recorded.
Since the acceptance of a step is dependent on χ2, most of the
time will be spent in regions of high likelihood. After a suffi-
cient number of steps the likelihood surface produced by the
chain will converge to the true underlying likelihood. Con-
vergence is defined according to the prescription described in
Dunkley et al. (2005).
A set of priors are specified in order to avoid un-physical re-
gions of parameter space. The TP-AGB parameters, ∆L and
∆T , have Gaussian priors with zero mean and standard de-
viations of 0.15 and 0.10 respectively. Uniform priors are
adopted for all other parameters over the ranges shown in
Table 1. All quantities are logarithmically incremented ex-
cept for the TP-AGB parameters, which are already defined
in the logarithm, and Tstart, which is incremented in the quan-
tity log(Tuniv − Tstart), where Tuniv is the age of the Universe at
the redshift of the galaxy. The ranges for the parameters that
incorporate uncertainties in stellar evolution are motivated in
§3.
5. RESULTS: FROM LIGHT TO PHYSICAL PROPERTIES
This section contains the results from fitting our SPS model
to data both at z∼ 0 and z∼ 2. In this section we perform fits
to the data both for a ‘default’ model where the isochrones are
not modified (∆T = 0, ∆L = 0, fBHB = 0, and SBS = 0) and for
a model that allows flexibility in uncertain phases of stellar
evolution, as discussed in detail in §3. The goal here is to
investigate to what extent, if any, the uncertainties in stellar
evolution propagate into the central values and uncertainties
of physical properties such as stellar masses, mass-weighted
ages, and star formation rates of galaxies.
Here our aim is to highlight with representative examples
the main trends and results from fitting our SPS model to data.
To this end we have chosen to focus on four classes of galax-
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FIG. 13.— Difference between the modified and default SPS models for
the best-fit log(M/Lr) for galaxies of different types at z ∼ 0. The modi-
fied models, which incorporate uncertain aspects of stellar evolution into the
SPS formalism, favor slightly heavier galaxies, though the difference is well
within the typical uncertainties (∼ 0.2 − 0.4 dex). Note that there is no sys-
tematic trend between the four different galaxy types defined in Table 2.
ies at z ∼ 0: bright red, faint red, bright blue, and faint blue
galaxies as defined in Table 2.
In addition, we discuss results from fitting our model to
passively-evolving luminous galaxies at z∼ 2. As mentioned
above, we have chosen this last set of galaxies because such
galaxies were studied by Maraston et al. (2006) who found
that the different treatments of the TP-AGB phase in the SPS
codes of Bruzual & Charlot (2003) and Maraston (2005) lead
to large, systematic differences in stellar masses and ages
of galaxies. The Maraston (2005) models yielded galaxies
that were both younger and less massive than the models of
Bruzual & Charlot (2003). Since TP-AGB stars dominate the
stellar light at ages of∼ 2 Gyr, we expect these passive galax-
ies at z∼ 2, which are dominated by stars at this age, to be the
galaxy type most sensitive to the uncertainties associated with
the TP-AGB phase. They can thus be considered a ‘worst-
case scenario’ for the propagation of uncertainties in stellar
evolution into parameters such as stellar mass and age.
Future work will focus on the consequences of the results
presented in this section with a more statistically complete
sample of galaxies.
5.1. Central values and uncertainties
Figures 11 and 12 show results from fitting our SPS model
to the broad-band photometry of an∼ L∗ blue galaxy at z∼ 0,
and a luminous red galaxy at z ∼ 2, respectively. The top
row of panels show the marginalized probability distribution
for the mass-to-light ratio, mean age, metallicity, and cur-
rent specific star formation rate (SSFR ≡ SFR/M). Results
are shown for both a default model where the isochrones
are fixed (dashed lines) and a model where aspects of the
isochrones are parameterized and marginalized over (solid
lines). The arrows in the first panel indicate the best-fit M/Lr
from Kauffmann et al. (2003a) and Blanton & Roweis (2007).
The lower four rows highlight the dependence of these four
physical parameters on four parameters that characterize un-
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FIG. 14.— 95% confidence limits on log(M/Lr) for samples of of galaxies
at z∼ 0 defined according to their r−band luminosities and g − r colors. For
each galaxy, the 95% CL is computed both for an SPS model that incorpo-
rates uncertainties in stellar evolution (solid lines) and a model that does not
include such uncertainties (dashed lines).
certain aspects of stellar evolution. These parameters are the
temperature and luminosity of the TP-AGB phase (∆T and
∆L), the fraction of blue horizontal branch stars ( fBHB), and
the specific frequency of blue straggler stars (SBS). Both 68%
and 95% CL contours are included. The dotted lines indicate
the values of the parameters assumed in the default model.
In Figure 12, plots associated with the parameters fBHB and
SBS have been omitted because the age of the Universe at the
redshift of this galaxy (3.6 Gyr) is younger than when these
parameters are assumed to turn on (i.e. for stellar ages older
than 5 Gyr).
The most striking result from these two figures is the lack
of a strong degeneracy between any of the physical parame-
ters (along the x-axis) and any of the parameters quantifying
uncertain aspects of stellar evolution (along the y-axis). In
Figure 11 there are weak degeneracies between TP-AGB pa-
rameters (∆T and ∆L) and SSFR and metallicity. The lack
of any strong degeneracies in Figure 12 is even more sur-
prising in light of the fact that the Maraston et al. (2006) and
Bruzual & Charlot (2003) SPS models, which have different
treatments of the TP-AGB phase, produce systematically dif-
ferent stellar masses. In other words, these two SPS models
have different values for ∆T and ∆L, so one might have ex-
pected a degeneracy between M/L and either or both of these
TP-AGB parameters. The reason for the lack of any strong
dependence in the present work is due to the varying quality
of fit for different TP-AGB parameters; this issue is discussed
in detail in §5.2.
Despite a lack of strong degeneracies between parameters,
the marginalized probability distributions for the physical pa-
rameters are clearly broader, in certain cases, for the modified
compared to the default models. In particular, in Figure 11 the
probability distributions of preferred metallicities and current
specific star formation rates are substantially broader for the
modified models. This indicates that our knowledge of these
quantities is substantially impacted by uncertainties associ-
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ated with stellar evolution calculations. Notice also that the
uncertainty associated with M/LK in Figure 12 is a factor of
three larger than quoted in Maraston et al. (2006). The reason
for this difference is not immediately clear, but may be due to
the fact that we allow for more flexibility in all aspects of the
SPS modeling including the SFH and dust prescription.
The parameters fBHB and SBS are essentially unconstrained
by the data (the likelihood contours span the entire range al-
lowed by our priors). This is due to the combined facts that
these parameters are only important in the blue bands (one can
see in Figures 5 and 6 that they are of minor importance for
bands redward of V ), and the bluest band included in the fits
at z = 0, the u-band, carries a much larger uncertainty than the
other bands (a factor of 2 − 4 times larger). Better data in the
blue and ultraviolet could potentially yield tighter constraints,
although the impact of dust at these wavelengths will tend to
weaken any constraints.
Figure 13 plots the difference between the modified and de-
fault SPS models for the best-fit quantity log(M/Lr) for the
four sets of SDSS-2MASS galaxies described in §4. There
is a systematic offset for all galaxy types of ∼ 0.05 dex in
the sense that the modified models favor slightly higher stel-
lar masses. The magnitude of this effect is small compared
to the typical errors (see the following paragraph), and there
appears to be no systematic trend with galaxy type. These two
results indicate that the central values of M/Lr (and hence of
stellar mass), are not particularly sensitive to the uncertain as-
pects of stellar evolution that we have incorporated into the
modified models with respect to the particular default model
that we have used. Of course, use of a different default model,
such as the one used by Bruzual & Charlot (2003), would un-
doubtably lead to larger differences.
In Figure 14 we show the estimated 95% confidence limits
on log(M/Lr) for four types of galaxies at z∼ 0. Uncertainties
are estimated using both the modified (solid lines) and default
(dashed lines) SPS models. The typical uncertainties for blue
galaxies is ∼ 0.3 dex and is similar for both the modified and
default models. In contrast, the typical uncertainties for the
red galaxies are larger by ∼ 0.05 dex when using the mod-
ified SPS model compared to the default model. Moreover,
the uncertainties range from ∼ 0.2 to > 0.4 dex, with typical
values of & 0.3 dex for the modified models.
This result is surprising at first glance since red galaxies are
generally considered to have simpler star formation histories
when compared to blue galaxies. The larger errors associ-
ated with red galaxies is driven by the fact that the best SPS
model fits are poorer, as determined by the minimum of χ2,
for the red compared to blue galaxies. This fact is likely re-
lated to the longstanding problem of SPS models predicting
colors redder than observations by as much as ∼ 0.1 magni-
tudes (Eisenstein et al. 2001; Wake et al. 2006). It is intrigu-
ing that even with the increased flexibility of our SPS model
we are unable to obtain adequate fits to the red galaxy data (as
compared to the blue galaxies). The resolution to this prob-
lem may thus lie with other aspects of SPS modeling that we
have not explicitly investigated (see §6.4 for a discussion of
other uncertain aspects of SPS modeling not explored herein).
Very recently, Maraston et al. (2009) has shown that the use of
empirical stellar spectra (as opposed to empirically-calibrated
theoretical spectra) results in a much better fit to the SDSS
LRG colors. This is an intruiging result that clearly requires
further attention.
At redshift z ∼ 2, all four luminous red galaxies studied
herein carry similar stellar mass uncertainties of ≈ 0.6 dex
(95% CL).
5.2. The importance of marginalizing over uncertain phases
of stellar evolution
In the previous section we found that the central values and
uncertainties in the physical properties of galaxies such as star
formation rates, stellar masses, ages, and metallicities, are
not strongly effected when incorporating uncertainties in stel-
lar evolution such as blue straggler stars, horizontal branch
morphology, and TP-AGB temperature and luminosity. At
first glance these conclusions are surprising because of recent
work that has shown that different treatments of the TP-AGB
phase lead to systematically different estimates for the masses
of galaxies (Maraston et al. 2006). In this section we explore
this apparent tension in detail.
In Figures 15 and 16 we plot the best-fit M/L for a sample
of galaxies at z∼ 2 and at z∼ 0 as a function of the TP-AGB
luminosity offset ∆L and ∆T , respectively. Here we are not
marginalizing over these parameters but are instead running
SPS models where we have fixed these parameters to specific
values. Each SPS model will thus return a best-fit M/L and a
corresponding minimum in χ2. It is apparent from the figure
that∆L and M/L are anti-correlated and so, to a lesser extent,
are ∆T and M/L. This is the trend one expects because an
observed amount of flux in the near-IR, where the TP-AGB
stars contribute a significant fraction of their power, can be
fit by either more stars at a lower luminosity or fewer stars at
higher luminosity.
This trend qualitatively echos the conclusions reached by
Maraston et al. (2006) who found that more luminous TP-
AGB stars lead to a lower estimated stellar mass. The differ-
ence between these conclusions and the ones reached in the
previous section, where it was found that the TP-AGB param-
eters and M/L were not substantially degenerate, lies in the
goodness-of-fit between model and data, plotted in the upper
panels of Figures 15 and 16. It is apparent from the figures
that the changes in χ2 are in most cases not significant, and
thus the data allow for a wide range in ∆L, ∆T and M/L.
We stress, however, that if one fixes the underconstrained TP-
AGB parameters (as one implicitly does when choosing a par-
ticular version of a stellar evolution calculation) and performs
SPS modeling of observational data, then one can in principle
introduce systematic uncertainties as large as ∼ 0.2 dex into
the best-fit M/L values.
In short, use of poor stellar evolution models can have sys-
tematic effects on the inferred physical properties of galaxies,
such as M/L, unless parameters are included that encapsulate
the uncertain aspects of stellar evolution directly into the fit
between model and data.
In our approach we fit simultaneously for the physical prop-
erties of galaxies and the uncertain phases of stellar evolution.
We can thus ask if the default libraries adequately describe the
data (i.e. if the parameters capturing the uncertain phases are
consistent with zero), or if the current models are deficient in
certain regimes.
In Figure 17 we plot the best-fitting TP-AGB temperature
offset from the default models,∆T , against the best-fit metal-
licity for all galaxies studied herein. It is clear that near so-
lar metallicity the current stellar models used herein can ad-
equately describe the broad-band SDSS+2MASS data. This
is not surprising because the TP-AGB models have been cal-
ibrated largely on stars in the solar neighborhood, where the
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FIG. 15.— Dependence of the best-fit M/L and the minimum of χ2 on the TP-AGB parameter ∆L (see Table 1 for a definition of this quantity). We plot both
the best-fit M/L and the minimum of χ2 relative to the default model where∆L = 0 and∆T = 0. In this figure we do not marginalize over the TP-AGB parameters
but instead run models for fixed values of the parameter ∆L, while keeping ∆T = 0. Trends are shown for fits to three random galaxies (solid, diamond, and
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bright blue galaxies at z∼ 0 (right column). The trend of M/L with ∆L implies that use of poor TP-AGB isochrones can systematically bias the resulting M/L
measurements and highlights the importance of marginalizing over the TP-AGB parameters, both at z∼ 2 and z∼ 0.
mean metallicity is approximately solar (Marigo et al. 2008).
At sub-solar metallicities the temperature offset deviates
substantially from zero, on average, indicating that the de-
fault models cannot adequately describe the data. The offset
is in the sense that the data favor cooler TP-AGBs than the
default stellar models predict. It is not altogether surprising
that the default models fail in this regime because they have
not been adequately tested at such low metallicities. Aside
from the Milky Way, the TP-AGB isochrones have been cali-
brated against stars in the LMC and SMC, which have metal-
licities ∼ 1/3 and ∼ 1/5Z⊙, respectively. Perhaps more im-
portantly, the empirical TP-AGB spectra are largely from the
solar neighborhood and both the metallicity and the metallic-
ity dependence are not well understood (Lançon & Mouhcine
2002).
Another possible explanation is that this TP-AGB parame-
ter is compensating for another unrelated shortcoming of the
current generation of SPS models. For example, as mentioned
in §2.3, the current stellar spectra libraries cannot simulta-
neously fit both the observed globular cluster data and the
temperature-color relations of individual stars. It is beyond
the scope of the present work to investigate this issue further.
These results suggest that current models are still in-
adequate in untested regimes, and should thus be treated
with caution where extrapolations are required. We find no
other strong dependence between physical parameters such
as metallicity, star formation rate, mass, or age on uncertain
phases of stellar evolution.
6. DISCUSSION
6.1. The importance of accurate uncertainties
The importance of accurate and robust estimates for not
only the central values of various physical properties of galax-
ies but also their associated uncertainties cannot be underesti-
mated. We highlight here several areas where accurate uncer-
tainties play an important, if often neglected role.
With the advent of large galaxy surveys and publically-
available SPS codes, the estimation of stellar mass functions
has become routine in both the local and distant Universe (see
e.g. Cole et al. 2001; Bell et al. 2003; Fontana et al. 2004;
Drory et al. 2004; Bundy et al. 2005; Borch et al. 2006).
Since the mass function declines exponentially at the mas-
sive end, any uncertainty in the masses of individual galax-
ies can lead to a substantial misestimation of the underlying
mass function. Cattaneo et al. (2008) provide illustrative ex-
amples of the extent to which uncertainties can broaden an in-
trinsically steep mass function. This important effect is rarely
taken into account when either trying to estimate the under-
lying mass function or when trying to compare to models of
galaxy formation. With accurate and reliable uncertainties,
one can begin to deconvolve the true mass function from the
broadening effects of uncertainties. This task is critical if one
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FIG. 16.— Same as Figure 15 except now plotting the best-fit M/L and and the minimum of χ2 as a function of the TP-AGB parameter ∆T , while keeping
∆L = 0.
is to make accurate comparisons to models of galaxy forma-
tion and evolution.
This concern does not reside solely with the mass function.
There are many relations that are effected, including the re-
lation between star formation rate and stellar mass, the star
formation rate function, and the relation between stellar mass
and large scale clustering strength. This last relation is essen-
tial for understanding the connection between galaxies and the
underlying dark matter structure — an accurate accounting of
the uncertainties is thus essential.
6.2. Why the IMF matters
As discussed in §3.4, it is extremely difficult to constrain
the slope of the IMF in the solar neighborhood, let alone in
external galaxies. This is unfortunate given the immense im-
portance of the IMF in many areas of astrophysics.
For example, the IMF is not often considered a source
of uncertainty when attempting to constrain the evolution of
the luminosity function of galaxies through time (though see
Cool et al. 2008, who discuss this source of uncertainty). In
recent years it has become common to construct the luminos-
ity function for passively evolving (i.e. red) galaxies at mul-
tiple epochs in order to understand how these galaxies grow
with time. Recently, several authors have found evidence for
very little intrinsic evolution in the bright end of the lumi-
nosity function of passive galaxies, suggesting that massive
galaxies have evolved little since z∼ 1 (e.g. Wake et al. 2006;
Brown et al. 2007; Cool et al. 2008).
Passive galaxies are considered relatively easy to study be-
cause, in the absence of any appreciable star formation, the
time-dependence of the luminosity of such systems is deter-
mined simply by stellar evolution and the IMF. Authors take
expected luminosity evolution between two epochs for fidu-
cial stellar evolution models and an IMF and compare to the
evolution in the luminosity functions between the same two
epochs in order to infer the underlying (intrinsic) change in
the population with time.
We found in §3.4 however, that the uncertainty in the slope
of the IMF in the solar neighborhood translates into an uncer-
tainty in the amount of passive luminosity evolution of ∼ 0.4
magnitudes per unit redshift in the K−band. The difficulty
of accounting for systematics in the observed IMF, and the
unique difficulty of measuring the IMF slope near 1M⊙ —
precisely where it must be measured accurately for passive
evolution corrections — suggest that this uncertainty in lu-
minosity evolution could be an underestimate. Any possible
evolution in the IMF, as discussed in §3.4, will only exacer-
bate this problem.
This uncertainty can have serious consequences for under-
standing the evolution of galaxies. We highlight one example
here. There has been some tension in the literature between
merger rates of luminous passive systems inferred from close-
pair counts and from the evolution of the luminosity func-
tion. Taken at face value, constraints from the luminosity
function suggest that the merger rate amongst bright, pas-
sive galaxies has been very modest since z = 1 (Wake et al.
2006; Brown et al. 2007; Cool et al. 2008), in contrast to the
apparently higher rates inferred from the close pair counts
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AGB stars than the current models predict. This is not necessarily surprising
because the stellar models (including both stellar evolution and stellar atmo-
spheres) are not calibrated at low metallicity to the precision obtained in this
figure.
(van Dokkum 2005; Bell et al. 2006; Masjedi et al. 2006;
Lin et al. 2008).
If the slope of the IMF were shallower than the canonical
value, then from Figure 8 we conclude that luminosity evo-
lution would be stronger than is typically assumed. If this
were the case, then evolution of the luminosity function would
instead require a higher merger rate than inferred with the
canonical IMF slope. The slope of the IMF is thus intimately
related to the merger rate as inferred from evolution of the
luminosity function.
A comprehensive comparison between various merger rate
indicators has yet to be undertaken, and the apparent ten-
sion in the literature between indicators may be largely in-
terpretive. If however there is a quantitative tension, a non-
canonical IMF slope may reconcile different measures.
An additional and important constraint is the evolution of
the fundamental plane. As discussed in detail in van Dokkum
(2008), the evolution in the fundamental plane can provide
constraints on the logarithmic slope of the IMF because one
can measure and compare mass evolution to luminosity evo-
lution, so long as one is confident that the descendants of
high redshift galaxies can be reliably identified at low red-
shift. There are additional assumptions that make it difficult in
practice to set strong constraints. For example, this approach
requires knowledge of the fraction of mass that is attributed to
dark matter. Nonetheless, use of additional constraints, such
as the fundamental plane and its evolution, can provide valu-
able additional constraints not only on the form of the IMF
but also on uncertain aspects of stellar evolution.
6.3. Spectroscopy and the SDSS
We have focused on fitting our SPS model to the broad-
band photometry of galaxies in the near-UV through near-IR.
We now discuss the use of observed spectra in constraining
SPS models.
In addition to broad-band photometry, the SDSS provides
reasonable signal-to-noise, medium resolution (R ∼ 2000)
spectroscopy for ∼ 670,000 galaxies as of DR4. These spec-
tra provide a substantial amount of information not avail-
able in broad-band photometry. Indeed, several independent
groups have made extensive use of spectroscopy to infer phys-
ical properties of SDSS galaxies (e.g. Kauffmann et al. 2003a;
Panter et al. 2007).
There are several concerns related to using spectroscopy for
SPS modeling that have not received extensive attention in
the SPS literature. First, the robustness of the stellar spec-
tral libraries is not known over the full luminosity, temper-
ature, and metallicity range required. The TP-AGB spectra
are clearly deficient, as described in §3.1, and will thus intro-
duce uncertainty in the interpretation of optical and near-IR
spectral features. As discussed in §2.3, there are also known
systematic problems with the color-temperature relations in
the stellar libraries, indicating again that the libraries prob-
ably contain unknown systematics. Furthermore, the recent
results of Maraston et al. (2009) suggest that the theoretical
spectral libraries are deficient in important ways.
An example of these complications was highlighted by
Wild et al. (2007), who recently showed that there is a signif-
icant offset in spectral indices between the BC03 model and
SDSS data. The authors attribute the mis-match to the stel-
lar spectral libraries used in the BC03 model and caution that
systematic errors in SPS models may be significantly larger
than quoted statistical errors.
A second source of concern, at least for SDSS galaxies, is
that the spectra are taken through fibers that only cover a frac-
tion of the total galaxy. Averaged over the full spectroscopic
sample with 0.01 < z < 0.15, the spectra only captures the
light from ≈ 30% of the total galaxy. For example, a galaxy
may have both a bulge and a disk but the fiber would only
cover the bulge and thus the spectra of this galaxy would not
be representative of the total galaxy.
The standard procedure to deal with this fiber effect is to use
the observed spectra in the SPS fitting and then make a cor-
rection based on the observed color(s) outside of the fiber (see
e.g. Brinchmann et al. 2004). Given the unknown systematics
in the spectral libraries, in conjunction with the simple cor-
rection that is typically adopted to account for light outside of
the fiber, we do not believe that global physical properties of
galaxies derived from spectra are more robust than informa-
tion derived solely from broad-band photometry.
In fact, there is some evidence that the masses derived
from spectra contain significant systematic uncertainties.
Maller et al. (2009) showed that the stellar masses derived
with spectroscopic information by Kauffmann et al. (2003a)
are a function of the inclination of the galaxy in the sense
that face-on galaxies are on average ≈ 0.2 dex heavier than
edge-on galaxies. Of course, an intrinsic property of a galaxy
such as its stellar mass should not be a function of its orienta-
tion projected on the sky. This trend thus suggests a system-
atic bias in the masses derived by Kauffmann et al. (2003a).
The stellar masses estimated from broad-band photometry by
Blanton & Roweis (2007) show a weaker dependence on in-
clination, and the estimates based on broad-band photometry
from Bell et al. (2003) show no trend with inclination. It is not
known if the trend in the spectroscopically-derived masses is
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an intrinsic problem with using spectroscopic data or a sys-
tematic in the methodology of Kauffmann et al. (2003a).
6.4. Additional uncertainties not explored herein
There are additional uncertainties not explored herein that
may significantly impact the results of SPS modeling. In this
section we briefly discuss some of the more important uncer-
tainties.
In §2.3 we discussed several of the limitations of the cur-
rent generation of stellar spectral libraries. Martins & Coelho
(2007) has presented a detailed comparison between several
theoretical and empirical libraries and found substantial dis-
agreement for both blue and red colors (such as U − B and
V − K, respectively). The difficulty in modeling stellar spectra
is exacerbated by the fact that empirical libraries span a rel-
atively narrow range in metallicity. Without a well-sampled
empirical library it is thus difficult to understand and isolate
the limitations of the models (see also Charlot et al. 1996;
Charlot 1996; Yi et al. 2003).
The impact of non-solar abundance ratios has not been dis-
cussed in the present work. Observations consistently show
that the α-to-Fe ratio is a function of galaxy mass, with
more massive galaxies being more highly α-enhanced (e.g.
Thomas et al. 2005). Despite this well-known observational
fact, all SPS models that attempt to determine physical prop-
erties of galaxies from either their colors or spectral shapes
rely on stellar spectra and evolutionary calculations with so-
lar abundance patterns3. The effect of this omission on de-
rived physical properties of galaxies has not been adequately
quantified, but various calculations suggest that the effect
can be substantial, especially for spectral signatures (see e.g.
Coelho et al. 2007). The complication here is two-fold be-
cause the abundance patterns effect not only the spectra of
individual stars but also the isochrones and their evolution.
Fully self-consistent models of α-enhanced abundance pat-
terns are only just beginning (Coelho et al. 2007; Dotter et al.
2007; Lee et al. 2009), but early results suggest that the mag-
nitude of this effect on colors can be as high as 0.1 magnitudes
(Coelho et al. 2007).
We have not explored uncertainties in either the main se-
quence turn-off point or the red giant branch. Gallart et al.
(2005) has presented an extensive comparison between the
most popular stellar evolution models and found that slightly
different treatments in the underlying physics can lead to de-
tectable differences in derived properties such as ages and
metallicities (see also Maraston 2005). For example, current
stellar models predict different times for the onset of the red
giant branch, owing in part to different treatments of convec-
tion in the interiors (i.e. assumptions relating to convective
core overshoot and to the mixing length parameter). These
differences are large enough to be detected in star clusters in
the LMC (Ferraro et al. 2004), and can impact the broad-band
colors of galaxies (Yi et al. 2003; Lee et al. 2007).
Another source of uncertainty that is currently not treated in
SPS models is contamination of the galactic light from active
galactic nuclei (AGN). Overall, the fraction of galactic light
3 A considerable amount of work has gone into re-calibrating the basic
outputs of solar-scaled SPS models (the SSPs) so that they may be applied
more generally to variable abundance ratios. Such efforts attempt to use a
variety of absorption line strengths as a diagnostic to determine the abudance
patterns of individual galaxies. This method is calibrated on the abundance
patterns of globular clusters for which detailed abundance patterns can be
measured on a star-by-star basis. For further information see e.g. Worthey
(1994); Thomas et al. (2003).
attributed to AGN is small (e.g. Hao et al. 2005), but there are
certain regimes where the contribution may be non-negligible.
The problem can be particularly acute when spectroscopic in-
formation is not available to isolate AGN candidates.
7. SUMMARY
In this paper we have presented a novel SPS model that is
capable of flexibly handling various uncertain aspects of stel-
lar evolution including TP-AGB stars, the horizontal branch,
blue stragglers, and the IMF. This model thus allows one to
understand the relevance of these uncertain aspects to the de-
rived physical properties of galaxies. In particular, one can
marginalize over these uncertain aspects in order to under-
stand the full uncertainties associated with the physical prop-
erties of galaxies including stellar masses, mean ages, metal-
licities, and star formation rates. We have applied this model
to fit broad-band near-UV through near-IR photometry of a
representative sample of galaxies at z∼ 0 and z∼ 2. We have
also explored the effect of the IMF on the observable proper-
ties of galaxies and have compared the stellar populations of
single- to multi-metallicity stellar systems.
Significant results include the following:
1. When including the uncertainties in various stages of
stellar evolution, stellar masses determined from broad-
band near-UV through near-IR photometry at z ∼ 0
carry uncertainties of at least∼ 0.3 dex at 95% CL. The
masses of luminous red galaxies at z ∼ 2 are uncertain
at the ∼ 0.6 dex level. The uncertainties in stellar mass
are not strongly correlated with galaxy color or lumi-
nosity.
2. The TP-AGB phase in stellar evolution is clearly impor-
tant for understanding the physical properties of galax-
ies. For example, an inadequate treatment of this uncer-
tain phase will lead to substantial and systematic mis-
estimation of stellar masses. Our SPS model suggests
that either current stellar evolution calculations, model
atmospheres, or both, do not adequately describe the
metallicity-dependence of the TP-AGB phase. In ad-
dition, there are various degeneracies between the tem-
perature and luminosity scale of the TP-AGB phase on
the one hand, and the inferred metallicity, stellar mass,
and star formation rate, on the other hand. Thus, models
that do not include uncertainties in the TP-AGB phase
are underestimating these derived physical properties
and are potentially introducing systematic biases.
3. The uncertainties in the morphology of the horizontal
branch and the frequency of blue straggler stars does
not appreciably impact the SPS analysis. This is due to
the fact that these aspects become increasingly impor-
tant in the ultraviolet, where the data used in this anal-
ysis carry the largest uncertainties. Inclusion of more
accurate ultraviolet data would probably highlight the
importance of these phases in the total error budget.
4. The uncertainty in the logarithmic slope of the IMF,
as determined for the solar neighborhood, implies an
uncertainty in the luminosity-evolution of a passively
evolving system of ∼ 0.4 magnitudes per unit redshift
in the K−band. This is a substantial source of uncer-
tainty that is rarely accounted for in discussions of the
cosmic evolution of galaxy populations. The uncertain-
ties associated with luminosity evolution may be even
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more severe both because the logarithmic slope of the
IMF has not been directly measured in any external
galaxy and a redshift-dependent IMF cannot be ruled
out by current data.
5. The broad-band evolution of a multi-metallicity pop-
ulation of stars is essentially equivalent to a single-
metallicity population of stars whose metallicity is the
mean of the multi-metallicity population, for bands red-
ward of V . This statement holds when one treats the
morphology of the horizontal branch separately, as we
have done herein. As one considers bands bluer than V ,
systematic differences arise between single- and multi-
metallicity populations that may cause systematic bi-
ases in quantities such as galaxy ages, star formation
rates, and metallicities.
In this work we have focused our attention on a lim-
ited number of broad–band filters. If significant progress is
made in understanding the uncertainties in existing spectral
libraries, it is possible that spectroscopy may provide much
stronger constraints on the quantities of interest. In addition
to spectroscopy, we leave open the possibility that carefully
chosen broad– and narrow–band filters may provide stronger
constraints than the filters explored herein.
For many of the uncertainties considered herein, we have
adopted prior ranges that are at the extremes of, or larger
than, that suggested by observational results. This is partic-
ularly the case for the range of metallicity distribution func-
tions, horizontal branch morphology, and blue straggler spe-
cific frequency. We have demonstrated that broad-band opti-
cal through near-IR photometry is not sensitive to these un-
certainties with our adopted priors, and therefore even a pes-
simistic assessment of our knowledge of these aspects has lit-
tle effect on the derived properites of galaxies. The uncertain-
ties listed above are more important in the ultraviolet, and we
therefore expect the assumed uncertainties and priors to play
a more significant role in the interpretation of restframe ultra-
violet data. Exploration of these issues will be the subject of
future work.
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